Introduction
The synthesis of polynuclear clusters of 4f metal ions is of interest because of their potential utility in single-molecule magnets (SMMs) 3+ , x = 9.5, y = 5, z = In these complexes two triangles of Ln 3+ ions are fused through a common vertex. The synthesis, structure and magnetic properties of these complexes are discussed herein.
Results and discussion

Synthesis
Ligand design is a crucial element in modulating the nuclearity and structural topology of lanthanide complexes. we have prepared a multisite coordinating semi-flexible alkyl hydrazone-based ligand, N′-(2-hydroxy-3-(hydroxymethyl)-5-methylbenzylidene)acetohydrazide (LH 3 ). This was produced using a two-step synthetic protocol that involved the preparation of B1, which subsequently undergoes a condensation reaction with B2 to give LH 3 (Scheme 2). The semi flexible ligand, LH 3 provides five divergent coordinating sites: an alkyl hydrazone oxygen, an imine N, an amide N, a phenolic O and a flexible -CH 2 OH arm. The latter is a crucial element in the formation of the coordination geometry, as recently shown by us in the preparation of cubane-shaped tetranuclear lanthanide complexes (Scheme 1b). 27 The pivalic acid co-ligands help to saturate the primary coordination spheres of the metals by bridging the metal centers, and confers lipophilicity to the complexes. , x = 10.5, y = 2, z = 2 and compound 3, Ln = Ho 3+ , x = 14.5, y = 0, z = 2] (Scheme 3).
X-ray crystal structures
Single-crystal X-ray diffraction measurements reveal that compounds 1-3 are isostructural, and crystallize in the tetragonal space group I4 with Z = 4. The complexes are monocationic, with their charges each balanced by a chloride anion, and possess a [2.2] spirocycle of Ln III ions containing two fused triangular motifs. Complex 1 has been chosen as a representative example to illustrate the common structural features of these clusters. Selected bond parameters of 1 are summarized in Table 1 . The molecular structure and selected bond parameters of the other complexes (2 and 3) are presented in the ESI (Fig. S1-S2 † and Tables S1-S2 †) . A perspective view of the molecular structure of 1 is depicted in Fig. 1 . The pentanuclear complex 1 is formed by the concerted coordination action of the four doubly deprotonated ligands [LH] 2− . (Fig. 3a) . The capping μ 3 oxygen atoms lie at an average of ∼1.219 Å away from the two triangular planes. The triangles are nearly equilateral, with Dy⋯Dy vertex lengths of 3.50-3.651 Å and Dy-Dy-Dy angles that range from 58.1°-62.2°. The two triangles are twisted at the Dy3 [2.2] spirocyclic node by a dihedral angle 55.85° (Fig. 3b) .
The five crystallographically independent lanthanide centers present in 1 can be classified into three coordination geometry types (all distorted): triangular dodecahedron (Dy1, Dy5), square antiprism (Dy3), and mono-capped squareanti-prism (Dy2, Dy4) (Fig. 4) . A minor variation exists in the coordination environment around Dy2 and Dy4: unlike the rest of the dysprosium centers, Dy4 is coordinated by a water molecule, which is engaged in strong hydrogen bonding with the oxygen atom of the η 1 -pivalate ligand ( Fig. 1) (7) 2.384 (7) Dy ( (23) 2.454 (7) Dy (5)
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This journal is © The Royal Society of Chemistry 2015 Fig. S9 †) . A comparison of the geometry around the metal centers, the structural topology around the metal ions and the SMM properties of the pentanuclear lanthanide families are summarized in Table 2 .
Thermogravimetric study of complex 1-3
Thermogravimetric analysis reveals that all the complexes 1-3 exhibit almost a similar decomposition pattern towards heat treatment involving a two-step weight loss process ( Fig. S10 -S12 †). A small weight loss in the region of 60-120°C was observed for all the complexes which is in part due to the loss of solvents of crystallization. In all the cases, some of the solvent molecules of crystallization are lost rapidly as the crystals are brought outside the mother liquor at room temperature. In the second step, above 300°C, rapid weight loss of all the complexes was observed, confirming the decomposition of the complexes.
Magnetic studies
Direct current (dc) magnetic susceptibility data for 1-3 are presented as χ m T vs. T curves at B = 0.1 Tesla, and molar magnetization M m vs. applied field B diagrams at T = 2 K in Fig. 5 
The decrease of χ m T with lowering temperature is gradual down to ∼100 K, and then more precipitous (approximate slope). This behavior and the low value of χ m T at 290 K have their origin in the ligand field effect (i.e. depopulation of the m J sublevels) and potential antiferromagnetic exchange interactions within the compound (note that the distinct deviation from linear behavior in χ m T is already introduced at higher temperatures T ≈ 200 K). Analysis of the dc magnetic susceptibility data for 2 and 3 reveals similar behavior, and the χ m T values at 290 K are also slightly lower than those expected for the respective number of non-interacting lanthanide centers. Ln1⋯Ln3, Ln2⋯Ln3, Ln3⋯Ln4, and Ln3⋯Ln5) . Note that although the bridging ligands are similar, and thus exchange interactions might be assumed to be similar as well, the various distances between the Ln pairs and the presence of three different site geometries, and thus ligand fields, explain the difference in the exchange interaction parameters. Alternating current (ac) molar magnetic susceptibility measurements on complexes 1-3 revealed out-of-phase signals for the Dy III analogue 1, but not for 2 and 3, at zero dc field.
The very small curvatures within the Argand plane for complex 1 (Fig. S3 †) reveal in-phase signals χ′ m that are almost independent from the applied frequency (Fig. 6) . The application of external static fields of up to 4000 G slightly shifted χ′ m , but did not produce significantly greater curvatures for frequencies greater than 100 Hz. Similar behavior was observed by Thielemann et al. 16b who ascribed it to a blocking temperature which lies significantly below the range explored by the magnetic measurements. Optimal slow relaxation magnetic measurements of complex 1 with respect to the experimental options at hand were obtained using a 3000 G static field, and a frequency range of 0.03 Hz-111 Hz (Fig. 7, insets Fig. 6 ). The inphase (χ′ m ) and out-of-phase (χ″ m ′) ac susceptibility components can be fitted to a Cole-Cole equation 28 for each temperature (Fig. 7 , solid lines; Fig. S3 †) . To determine the average relaxation times of the magnetization under the optimized conditions, the temperature-dependent fit parameters have been analyzed using an Arrhenius expression (τ = τ 0 exp(ΔU/ k B T )). This results in an effective energy barrier ΔU = (5.2 ± 0.5) cm −1 and a time constant of τ 0 = (2.6 ± 0.6) × 10 −2 s (Fig. S5 †) . In the generalized Debye model, the distribution width of τ is parameterized by the scalar α. The nonzero mean value of α = 0.45 ± 0.08 reveals that several relaxation processes are active in this system. The time constant τ 0 is anomalously large for SMM behavior, i.e. the entirely phenomenological parameter τ′ 0 does not fall within the typical SMM range, and indicates that rather a secondary relaxation process was observed in the presence of a bias field instead of the relaxation process indicated at zero field. This is supported by the occurrence of the minima in the Cole-Cole curves for higher frequencies (lower χ′ m values) hinting at further subsequent semi-circles which we could not enhance with the experimental set-up at hand. Since some or all exchange interactions within lanthanide compounds are overridden by the application of an external field of 3000 G, the observed process may be connected to a forced alignment of the momenta albeit further evidence is needed to prove this hypothesis.
Conclusions
In summary, a series of isostructural homometallic pentanuclear Ln 5 complexes that possess an unprecedented [2.2] spirocyclic topology were synthesized. The frameworks of these complexes are comprised of the multidentate Schiff base ligand, N′-(2-hydroxy-3-(hydroxymethyl)-5-methylbenzylidene)-acetohydrazide, along with several bridging pivalate groups.
The lanthanide centers present in the pentanuclear assembly can be grouped into three types based on their local coordination geometry: an eight-coordinate lanthanide in a distorted triangular dodecahedral geometry, an eight-coordinate lanthanide in a distorted square-antiprism geometry and a ninecoordinate lanthanide in a mono-capped square anti-prism geometry. Variable-temperature dc and ac magnetic susceptibility measurements reveal weak antiferromagnetic exchange interactions among the lanthanide centers of complexes 1-3.
Compound 1 exhibited temperature-dependent out-of-phase ac molar magnetic susceptibility signals with small curvatures at zero dc field. The application of a static 3000 G field intensified the ac magnetic susceptibility component, and an Arrhenius analysis confirmed the slow magnetic relaxation of the Dy III analogue.
Experimental section
Solvents and other general reagents used in this work were purified according to the standard procedures. 29 2,6-Bis(hydroxymethyl)-4-methylphenol, activated manganese(IV)dioxide (MnO 2 ), DyCl 3 ·6H 2 O, TbCl 3 ·6H 2 O and HoCl 3 ·6H 2 O were obtained from Sigma Aldrich Chemical Co. and were used as received. Acetyl hydrazide and 2-(hydroxymethyl)-6-carbaldehyde-4-methylphenol were prepared according to the literature procedure. 23e Hydrazine hydrate (80%), pivalic acid and sodium sulphate (anhydrous) were obtained from S.D. Fine Chemicals, Mumbai, India and were used as such.
Instrumentation
Melting points were measured using a JSGW melting point apparatus and are uncorrected. IR spectra were recorded as KBr pellets on a Bruker Vector 22 FT IR spectrophotometer operating at 400-4000 cm −1 . Elemental analyses of the compounds were obtained from Thermoquest CE instruments CHNS-O, EA/110 model. 1 H NMR spectra were recorded in CD 3 OD solutions on a JEOL JNM LAMBDA 400 model spectrometer operating at 500.0 MHz, chemical shifts are reported in parts per million ( ppm) and are referenced with respect to internal tetramethylsilane ( 1 H). Powder X-ray diffraction (PXRD) patterns were recorded with a Bruker D8 advance diffractometer equipped with nickel-filtered Cu Kα radiation. Powder X-ray diffraction (PXRD) patterns of complexes 1-5 were in good agreement with the simulated patterns (ESI, Fig. S6-S8 †) . The difference in intensities could be due to the preferred orientation in the powder samples.
Magnetic measurements
Magnetic susceptibility data of 1-3 were recorded using a Quantum Design MPMS-5XL SQUID magnetometer for static field (DC) and dynamic field (AC) measurements. The polycrystalline samples were compacted and immobilized into PTFE capsules. DC susceptibility data were acquired as a function of the field (0.1-5.0 T) and temperature (2-290 K). AC susceptibility data were measured at zero field and in the presence of various static fields in the frequency range 0.03-1000 Hz (T = 1.8-50 K, B ac = 3 G, B dc = 0-4000 G). All data were corrected for the contribution of the sample holder (PTFE capsule) and the diamagnetic contributions of compounds 1-3 calculated from tabulated values (−1.25 × 10 −3 cm 3 mol −1 , −1.37 × 10 −3 cm 3 mol −1 and −1.32 × 10 −3 cm 3 mol −1 , respectively).
X-ray crystallography
The crystal data for the compounds have been collected on a Bruker SMART CCD diffractometer (MoKα radiation, λ = 0.71073 Å). The crystal data and the cell parameters for compounds 1-3 are summarized in Table 3 . Crystallographic data (excluding structure factors) for the structures in this paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication nos. CCDC 1031235-1031237.
Synthesis
N′-(2-Hydroxy-3-(hydroxymethyl)-5-methylbenzylidene)acetohydrazide (LH 3 ). To a stirred solution of 2-(hydroxymethyl)-6-carbaldehyde-4-methylphenol (1.50 g, 9.02 mmol) (B2) in 40 mL ethanol, acetyl hydrazide (0.66 g, 9.02 mmol) (B1) was added dropwise over a period of 15 minutes and the resultant yellow colored solution was refluxed for 5 h. Then, the yellow solution was concentrated in vacuo to 15 mL and kept in a refrigerator at 0°C overnight. A light yellow colored heavy precipitate was obtained which was filtered and washed with cold ethanol as well as diethyl ether before being dried. Yield: 1.6 g (79.8% H, 4.18; N, 3.93. Found: C, 31.73; H, 4.23; N, 3.61 . 
